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Abstract: 
Coupled simulation between the airflow and water flow in Lake Pyykösjärvi was conducted. 
One-way coupling is adopted to reproduce a realistic water current field in the lake affected by 
the unsteady airflow above the lake. 
 
1. Introduction 
 
Flow simulations in ponds and lakes are useful for ascertaining the flow behavior, for 
estimating the amount of pollution/eutrophication, and for decision making for better planning 
and control. Flows in ponds and lakes are driven by various forces such as incoming flow, 
temperature distribution, and wind effects. In shallow lakes without big inflowing rivers, flows 
are driven mainly by the wind. Wind blowing near the water surface gives a certain amount of 
shear stress to the water surface, which introduces flows of the water. However, the water flow 
does not always occur parallel to the wind because of various factors such as the lake shape or 
depth distribution. Furthermore, wind fields are not homogeneous because obstacles such as 
mountains, hills, buildings, and forests around the targeted lake can affect the airflow above the 
lake. Therefore, coupled simulations between wind fields in the air and water current fields in 
the lake are highly recommended. Nevertheless, for various reasons, such simulations are not 
always easy. 
The target of this study was Lake Pyykösjärvi in Oulu, Finland, a typical shallow lake. Flows 
in the lake are driven mainly by wind. Recently, water flows near the bottom surface of the lake 
have been implicated as a cause of eutrophication. Liukko and Huttula conducted a flow 
simulation and measurements in this lake. A detailed comparison between simulations and the 
measurements was discussed [1][2]. 
As described herein, we present a coupled simulation between the wind field and the water 
current in Lake Pyykösjärvi. We consider one-way coupling from air to water, which means that 
the airflow affects the water flow, although the water flow does not affect the airflow. This 
assumption might be appropriate under these circumstances. 
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2. Basic equations and computational methods [3] 
 
For the wind field, conservation of momentum, mass, energy, and moisture contents are solved 
on a σ-coordinate system. Governing equations are discretized using finite-difference 
approximation. The potential temperature and Exner's function are used, respectively, instead of 
temperature and pressure. 
 
 
 
 
 
 
 
 
 
 
The ground surface altitude [4] is 
presented as the lowest mesh 
surface of the σ-coordinate system. 
Buildings and forests around the 
lake are represented as porous 
media having different porosities. 
The numbers of grid points are 
108 × 105 × 41 = 464,940. The 
minimum vertical mesh size near 
the ground surface is about 1 m. 
Figure 1 portrays the 
computational area for air around 
the lake. Meshes are shown only 
on some boundaries. 
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Fig. 1 Computational area for wind computation. 
u : wind velocity [m s] λ : thermal diffusivity [m2 s]
Cp : specific heat capacity at a constant pressure [J kg ⋅K ] Lv : latent heat of vaporization [J kg]
Θ : horizontally− averaged potential temperature [K ] m : condensation [kg m3 ⋅ s]
Π : Exner's function [-] ρ : density of air [kg m3]
ν : kinematic viscosity [m2 s] q : water vapor content [kg m3]
g : gravity [m s2 ] χ : charcteristic function of porous media region [-]
%θ : reduced potential temperature [K ] c : drag coefficient in porous media [1 / t]
T : temperature [K ] t : time
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For the water current field, conservation equations for momentum and mass are again 
discretized using finite-difference method and are solved on the σ-coordinate system. Lake 
margins are represented using fictitious domain method, by which the soil areas around the lake 
are represented as a porous medium with low porosity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The number of grid points is 54 × 54 × 31 = 90,396. Figure 2 presents the computational area 
for water currents in the lake. Meshes are shown only on the bottom boundary. Here, the mesh 
points for wind field and water current field are set at the same locations to simplify the 
coupling procedure. 
At the air–water boundary, a force from air to water is considered. The force acting from air 
to water can be represented as shown below. 
 
 
 
 
Therein, ua and va are the wind velocity components near the water surface given by airflow 
simulation. CD is the bulk coefficient. Then the force components are used as Neumann-type 
traction boundary conditions for the water surface. 
 
 
 
 
 
 
 
In those equations, µ represents the water viscosity. 
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Fig. 2 Computational area water current in the lake. 
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3. Results and discussion 
 
Figure 3 presents velocity vectors for Case A: (a) for wind fields near the water surface, (b), (c), 
and (d) respectively denote water current fields on the surface, medium, and bottom layers of 
the water. In Case A, the wind blows from the southwest to the northeast. The vector colors 
show the velocity magnitudes: red shows high values and blue shows low values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Case A, the wind field near the water surface is almost homogeneous because the wind field 
is not greatly disturbed by the land area. Therefore, the water current flows in the same direction 
as the wind. In the bottom layer of the lake, weak flow in the opposite direction is apparent. 
This flow compensates the surface flow by the mass conservation law. However, several 
circulating flows are apparent in the medium layer (c). This recirculating flow pattern is 
apparently brought about by the water depth distribution. 
Figure 4 shows Case B, in which the wind blows east to west. In this case, the wind field is 
disturbed by the land area. The wind magnitude is not homogeneous. In this case, the water 
current field is not homogeneous, even in the surface layer, because of the wind field instability. 
Fig. 3 Velocity vectors for Case A (wind direction: SW to NE). 
(a) wind (b) water (surface) 
(c) water (medium) (d) water (bottom) 
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In the medium layer (c), the recirculating region has a different shape corresponding to the 
surface layer flow. Additionally, the water current is not parallel to the wind direction in this 
case, which might result from the lake shape. 
Next, in Case C, we do not compute the wind field and impose homogeneous stress from the 
east to the west on the water surface, which is the same with Case B, to examine the difference 
between results obtained with and without consideration of the coupling of wind and water 
current fields. Figure 5 shows Case C, which exhibits a rather different water current field from 
those of Case B. In the medium layer of Case C (Fig. 5(c)), strong flows are confined to the 
shallow margin area, whereas four strong streams are apparent in the medium layer of Case B. 
This difference might result from flow distributions on the water surface, which are also 
different for Cases B and C (Fig. 4(b) and Fig. 5(b)). 
 
4. Conclusions 
 
As described in this paper, we have presented a coupled simulation of wind and water current 
fields for Lake Pyykösjärvi. The water current field is rather different with and without 
consideration of coupling with the wind field. This result suggests that the convection–diffusion 
Fig. 4 Velocity vectors for Case B (wind direction: E to W). 
(c) water (medium) (d) water (bottom) 
(a) wind (b) water (surface) 
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behaviors of some materials related to the environmental research efforts for this lake might be 
different with and without consideration of the coupling. Our reasonable next step is 
comparison with the experimentally obtained results presented in [1][2] and examination of the 
effects of coupling from a practical perspective. 
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Fig. 5 Velocity vectors for Case C (homogeneous wind direction: SE to NW). 
(c) water (medium) (d) water (bottom) 
(a) wind (b) water (surface) 
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